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Scalar and gravity wave subcurvature fluctuations are calculated for a background approximating 
the Hawking and Turok open universe model. The gravity wave cosmic microwave background 
contribution is finite and it appears that a normalizable scalar supercurvature mode is possible in 
some regions of parameter space. 



00 
OS 



(N 



o 

oo 



I. INTRODUCTION 



The Hartle-Hawking wavefunction has been suggested to describe 'tunneling from nothing' and has recently been 
proposed as a way to produce an open universe || . The interpretation of this mechanism, the most likely value of and 
VO ' the singular nature of the background are all under study and criticism at the moment (with varying interpretations, 
counterexamples and extensions in In the following, the subcurvature scalar and ('electric parity') gravity 

wave fluctuations are calculated for a model of this sort, using the approximate form for the background given in the 
papers above. The 'electric parity' gravity waves contribute to the cosmic microwave background (CMB) while the 
' 'magnetic parity' ones do not. 

It will be assumed that the singularity does not cause a difficulty aside from imposing boundary conditions on basis 
1 functions to be regular in its presence. This requirement is discussed in 0. The time dependence will be taken to be 
the same, at 'tunneling time', as that of the Bunch-Davies vacuum, for reasons described in section two below. It will 
be assumed that the value of f2 is appropriate. 

One reason this calculation might be of interest is that for a Bunch Davies vacuum in an open universe, the 
contribution of gravity waves to the cosmic microwave background is divergent |[o]]. In the model considered here, the 
' subcurvature gravity wave contribution is found to be finite. The background metric and field are described in the rest 
of this section. In the next section the scalar perturbations are considered, followed by a section on supercurvature 
Q ■ modes and then gravity waves. 

The instanton describes several regions of spacetime (see || for further details). The Euclidean (tunneling) part of 
c/2 ■ the wavefunction is described by a metric 

a ■ 

ds 2 = da 2 + b 2 (a)(dip 2 + sin 2 ipdfl 2 ,) (1) 
At the 'tunneling time' ip = tt/2, one can continue this to the Lorentzian region by 

i) = n/2 + ir (2) 

The metric then becomes 

ds 2 = da 2 + b 2 (a) (-dr 2 + cosh 2 rdQj ) (3) 

As a is a spatial coordinate, this spacetime is not of FRW form. Here, the parameter a runs between <jf > a > 0, 
where 6(0) = b{a f ) = 0. 

The open universe is the forward light cone of the point a = with a = it, r = iir/2 + \ an d a(t) — —ib(it). The 
metric in this region is 

ds 2 = -dt 2 + a{t) 2 {d X 2 + sinh 2 X <K%) (4) 
There is also a closed universe obtained by continuation at the maximum radius a — u max with 

ds 2 = -dT 2 + b 2 (T)(di> 2 + sin 2 ijjdn 2 2 ) (5) 
That is < a < cr max for the Euclidean region and a = a max + iT in the Lorentzian region. 
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The action is 

S E = J d*x^g{-V{4>) + -^F 2 ) + d 3 xVhK . (6) 

The boundary term, J d 3 x\f~hK = — -g^ib 3 )' J dfl 3 , comes in as there is a small area excised around a = af, 
and the equations of motion have been used. 

We will use a linear potential here, V((f>) — V^cj). The equations of motion in terms of a are 

TO + 3$^' = ^ 

Here V F = V{4>) + F 2 /48, and F is a constant Q. 

The instanton background solving these equations is, to leading order 

b R (a)~a <j) R (a) ~ O + 0(a 2 ) a ~ 

b L {a)~C{a f -a)V* Mv)~-^f K M*f-v) r~vf (8) 

with k — 8irG. 

A background solution for <f>, b for all a f > a > will be obtained by extending the background metric near both 
endpoints and connecting them near a ~ af. Extend the background metric near a ~ 0, by 6(cr) = i? -1 siniJtr. The 
background field configuration then obeys pJQ 

6-H (cos -^) 3 

where 9 CT ^b ] _R(CT)| CT= o = has been used. 

For a ~ tT/, to leading order, fe^ ~ C(°7 — cr) 1 / 3 as above. To go to higher order in (af — cr), write 

b L (a) = C(a f - af' 3 (l + A(a f - af' 3 ) . (10) 

Dimensionally, [C] ~ a 2 1 3 [A] ~ a^l 3 . The power of the additional term has been chosen to cancel the curvature in 
the equations of motion (|7|). Then 

d„b L {a) = ~(a f - a)- 2 ' 3 {l + 5A(a f - af 3 ) . (11) 
so that the first equation of motion in (^) then gives 

dM,L = J^-ir^—, 3A(a / - af' 3 ) - V >4 ,{a } ~ a)/2 + 0((a f - a) 5 / 3 ) (12) 
V ok (aj — a) 

which integrates to 

4>b,L = -\[^^g(a f -a) + ^^W f - af' 3 + ^f(a f a) 2 + c + 0((a f - af/ 3 ) (13) 

These are solutions to the second equation of motion (R), up to 0(ln(a/ — a)(af — a) 2 / 3 ), provided AC 2 = 9/14 and 
V t< j, small. 

The background metric and field (f>b are to be matched at equal values of the metric. The approximate solution 
near a ~ af is only valid very close to af, so the matching will be done very close to a ~ af. Setting the scale factors 
and their first derivatives equal, 

b R {a m ) = H^ 1 sin Ha m = C(a f - a m - S) 1/3 = b L (a m + 6) , . 

d<jb R = cosHa m = -j(a f - a m - <5)~ 2 / 3 = d a b L 

If, for example, Ha m ~ 7r, neglecting the second term in 6^ {A(af — a m — 5) 4 ^ 3 , down by 1/14) gives 
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(a f -a m -5f/ 3 «1 



3(ct/ — a m — <5) = (-g. - <r m ) . 
For the background field values, using the solution in |T5] for 



(15) 



<kA°m) = ^ + ^2 (^-4 In cos {cos L^ )2 j (16) 

^6,i(c m + (5) = -\ — log(cr/ - cr m - (5) 

V 



d<j(t)b,R(<Jm) 



Z V 4 

Vd> cos 3 i?<T m — 3 cos Ha m + 2 2 + cos ffcr TO . Ha„ 

— = — sin 

i? 3sin 3 ffcr m H 6cos 3 ^ 2 

K<4 4 



H 3(Ha m - tt) 
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a^,i(o-m + *) = \/^-( 7 I --3 J 4(a / -a m -,5) 1 / 3 ) + 0(( ( T / - f 7 m - ( 5)) 

V 3K ((7/ - (T m - 0) 

Setting the first two lines equal can be used to determine <f>o, and setting the next two lines equal can be used to 
determine V t< f>. 

Both of these are good approximate solutions for a potential of the form 

V = V^cj> (17) 
with V,p small. The numerical solutions shown in seem to have this approximate behavior as well. 

II. SCALAR PERTURBATIONS 

In open universe models where the fields tunnel from a false vacuum, the tunneling 'time' is on a proper Cauchy 
surface exterior (except for a point, a — 0) to the subsequent open universe. As pointed out in Jl5| , although this 
fixed time surface is a proper Cauchy surface for quantization it is not a spatially homogeneous background. Therefore 
quantization in this background does not split up into tensor, vector and scalar in the same way as it does once the 
system is continued into the open universe. For the calculations here, the distinction into scalar/ vector/tensor will 
be made on the basis of what the modes continue into in the open universe. 

At the fixed time of tunneling, the background (b(a),<f>b) depends only on a. In particular, <fn, is not a constant, 
unlike many simpler cases ('thin wall' for example), and so the scalar field and scalar metric perturbations become 
coupled. It is better in this case to use the 'gauge invariant gravitational potential' in the formalism of [|3|JlJ], in 
particular its open universe generalization detailed in section 7 of p2| . Equivalent descriptions using gauge fixing 
outside the open universe are detailed in ]l5| . 

In the forward light cone (inside the open universe) the gauge invariant potential 4> obeys fl2]| 

-41O+2(-)'-2-4)|$ = (18) 




a a , 



b j 

2 _ „2 



Continuing out of the light cone, and writing <i> = — id a <&, - = —id a b/b and b = —a , this equation becomes 

o o a q> b z b b o a q>b 

The gauge invariant gravitational potential can be expanded in terms of basis functions 

$((7, r, 9, 0) = %{a)Y ptm {r, 9, 0) (20) 
where the eigenfunctions of the three dimensional laplacian Y p £ m obey 
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V 2 Y ptm = -(p 2 + l)Y pim (21) 

and for an open universe K = — 1 . The time dependence in Y p i m implicitly corresponds to a particular a definition of 
positive and negative frequency. The surface where analytic continuation from the Euclidean to Lorentzian signature 
is done defines a complex structure, as described in, for example, p6[ . This method applies rigorously when the 
surface of analytic continuation is the only boundary of the space, so for the case here, due to the singularity in the 
instanton, this prescription is only a guide. In terms of the five dimensional embedding space, as described in [ jl7| , 
at the surface of analytic continuation x° — sin(rsin(ir) — > ix° = sincrsinhr. The Bunch Davies vacuum positive 
frequency wavefunctions are regular for a; > Jl7[ |. For the tunneling prescription jl6| the wavefunctions must be 
bounded for te = —it < 0. As < a < ir, shier > and hence these two definitions of the split between positive 
and negative frequency coincide. One could also argue that since the 0(3,1) symmetry persists in the presence of this 
instanton 0, the Bunch Davies vacuum is appropriate for the r dependence. 

In view of these arguments, the Bunch Davies vacuum will be used for the r dependent part of the fluctuations, 
and thus the appropriate expression for Y p i m can be found for example in JlT]] : 

Y plm cx tp ' X 2 . == Y lm (9, 0) (22) 

\J smh(r + m/2) 



The Y p £ m are normalized identically to earlier calcuations such as those in |lg,|l9|], as all the background b(a),4>b(a) 
dependence affects only § p (a). 

We will want to solve equation [it] for the gauge invariant gravitational potential <E>, in the two asymptotic regimes 
above. Then these will be matched at the boundary between the two backgrounds, given by equations [TJ|, [l7| The 
resulting basis function will then be normalized. 

For the background b^(a) = H^ 1 sin Ha, it is convenient to use the conformal coordinate u, defined by 

tanhu = cos Ha , sin Ha = — , tan = e~" (23) 

cosh u 2 

so d a — — H coshud u . The two independent solutions to [ITJ in this case were found in |l2j 

1 — in p~ 2u 

*fl,+p(«) - (e-'") 1+i »(l - ^ ) (24) 

Hip 3 

1-1J) j 

For the background with b L = C(a f - a) 1 / 3 {I + A(a f - o-) 4/3 ), and 

dM,L = J^-ir^—, 3A(^ - < t) 1 /3) _ V {a _ a)/2 + 0((a f - a) 5 /3) (25 ) 
V ok (a f — a) 

The terms needed for the equation for <E> p are 

x = "ft -wh) {1 + iA( " - " 4,s - - " 2,) m> 

and 

d„bd*<j> b -1 8A 



QnV A + 0{{a f -a) 2 ' 3 ) . (27) 



b d a <t>b 3{a f -a) 2 3(a f -a) 2 / 3 
The equation of motion for $, to leading order and assuming Of — a, >/6kV^ small then becomes 



**** ~ W7^) 9 ^ + &£,-*)*/* *<■* = • (28) 



This has solutions (via mathematica) 



* W = C - +c ' t,-,f» (29) 
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In terms of the coordinate X — §(07 — cr) 2 / 3 the solution is 



<&l, p (*)= Ci U x c +c 2 11 - c (30) 



The asymptotics of the Bcssel functions for small argument are 



(zIlY 1 2 

Mz) ~r(^TT)> K ^)-2 mi ~z r (31) 



and so as u — > tx $ , 



- ci^t^ + c 2 ^=X- 2 . (32) 
V P + ^ 



The measure in the normalization, equation (Q), goes as X 3 , and so the norm diverges for c 2 ^ 0. Thus we take 
c 2 — > 0, as mentioned in JtJ. As J u (ze m7n/ ) = e m7TUt J v {z), taking the opposite sign in the argument of the Bessel 
function (the square root of p 2 + 9) is not linearly independent and consequently there is only one basis function 
normalizable at the boundary. 

The gauge invariant gravitational potentials {&L,p, &R,±p} are now matched at 

&l = Vm + 5 , or = a m (33) 

with the backgrounds for b, fa given in equations (Q ^). The gravitational potentials $l. p (ct 4- S) and &r(<t) must 
be matched at the same value of \p\ so that the r dependence agrees. We have 

^L, P ( a m +S) = a p $ R , p (a m ) + Pp$R,- p (a m ) (34) 

da$L,p{<j)\<j=a m +S = Ol p d a § R ,p{<r)\v=cj m +S + f3 p d a $ R _ p (<j) | CT=0 . m +(5 



Using 



it is also convenient to define 



d a = -Hcoshud u = ~v\-^Tj2 dx ( 35 ) 
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tanhw = cos Ha m , X = — {(if — a m — S) 2 ^ 3 . (36) 
By the matching conditions of the background metric (|l4|), we also have that 

1 /3 1 

CV 2 X 1 / 2 

The matching conditions become 

l hi *f^\ = a p (e-^(l - + &(e-»)i-*(l - f±g^) 

Iw^!^^^, = -a p H coshud u (e-)i-HP(l - ^g*?)^ ( 38 ) 



1/3 1 

ffcoshfi (37) 



-/3 p ff coshuc^ (V") 1 "^ - ^ e ^" ) 

V 1 / u—u 



and so, with 



a ' P d<r$R-p$R,p-$R-pd a $R,p 
_ -da<S>R,p$ L ,p + §R,pda§L,p 

Pp 



da®R-p®R,p - ^R,- p d^ R . 



we get 
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P 3zp(l + ^ (4Uj 

_ (-l + ^-2ta J ihfi-^^(-3 + zp-2taiihii))J 1 (y)-(l-^^)^±l[Jo(y)- J 2 (y)} 



2 tanh u 

The second line comes from using the matching conditions equation (|l4|), i.e. that C = — 2tanhwA > . Also, 

dp = «; (4i) 

which could be seen as well from noting that 0l is real. 

Thus the unnormalized gauge invariant gravitational potential $ p is 

$p = $i(cr) , a f > a > a m + S (42) 
= a p $ Rt+ + a*<S> R - , cr m > o- > 

(43) 

The measure for normalizing $ p comes from relating $ p to the scalar field fluctuation. The Klein Gordon normal- 
ization for the scalar field translates into |l4Ul5f| 



^S^*^*'**^"^ (44) 



Thus 

Tf da 



{ < i2+X)M " -"' )X ^I W) { ^ 2%{a) * Aa) (45) 

' l<T -( 2 ) 2 m(a p <£ R , +p (a)Ma pl <£ R , +p ,(a)) 



b{a) Kd a <f>R,b' 

As an eigenfunction of a self-adjoint operator, the rescaled <& p is orthogonal to any eigenfunction with a different value 
of p 2 . Thus one can read off N 2 from the behavior at the endpoints (although there is a jump in a in the integrand, 
continuity in the argument is ensured by the matching conditions). On the other hand, as a — > (or u — > oo), 

$ p ~ a p e' u{1+lp) + a* p e- uil - zp) (46) 

and 

d^R ~ ^e"« . (47) 
The asymptotics of the inner product in equation ^ thus give 

/ du & 2 if; ) 2 K e ~ 4pu + a > ipu ) e ~ ip ' u + K' eW ' u ) 

~ 7r (!) 2 pT3(l77) 2 [(a P a P > + a p a* p ,)6(p + p') + {a p a* v , + a* p a p ,)6(p - p')] 
This is symmetric under p — > — p just as the basis functions are, so restricting to p > the inner product becomes 

This gauge invariant gravitational potential can then be continued into the forward light cone for the open universe, 
and then used to compute a power spectrum, 



(48) 



G 



,<r> (x =()./)<!>( x ./); = / dpP ^±P*(p,t) . (50) 



As the basis functions used here are the same as those in earlier calculations ||12|,|18|,|_9[ , expressions for P$ can be 
used to complete the calculation. The normalization N p found here corresponds to taking b + = and &_ = in 

expression (5.9) of ]l9| , and not summing over both ±p. As a result, 

Pst( f . ( G ^) 2 Li e - P /2^i + i__i^^L e — p/2,2 f511 

^•(p,t^oo) -p(p2 + 1)2sinll7rp9 jj2l e | ap | + l + i p| ap | e 1 

Defining a p = A p e lXp with A p , X p real, 

4 + e- 7r P - 2^icos2A p - ^sin2A p ) 

P * = 9i^ (G ^ } p(l+P 2 )2sinh7rp P (52) 

We see that just as for the subcurvature modes in the presence of a bubble wall, for p > 1 the last 3 terms are bounded 
and become irrelevant. 

III. SUPERCURVATURE MODES 

Supercurvature modes may appear in a field's expansion in an open universes [po|jr^ , |2l|l . At first it was unclear 
whether they appeared in the vacuum expansion of a quantum field, but calculations ]17| (see also ^T|) of the wightman 
function showed that they were required in the sum over modes in order to produce the Bunch Davies vacuum. Their 
effects can be large, and thus in some cases they constrain models of open inflation p2| . A supercurvature mode will 
have p imaginary. Take — ip = A > 0, without loss of generality. In this case, the asymptotics of the basis function at 
u ~ oo, equation ^6] requires a,A = 0. Normalizability at a ~ ct/ does not seem to constrain the the value of p as the 
basis function is bounded there independent of p. 

One can look for a supercurvature mode in the case where Ha m — tt small, i.e. where equation ( |l5| ) holds. Then 
X/C = 5 and the equation ( ffl|) for a p =iA becomes 

-2u i _ a J (• V9-A 2 \ 

a lA oc (-1 - A + 3 ^ + A (3 + A)) U „ 2 ' (53) 

1 - A e - 2 " V9~A^(J (^g) - -M^gg)) - 4Ji(^gg) 
[ 1 + A 3 ' 2X 
= (54) 

The X dependence thus falls out and we need to solve 

= ( t A | e ' 2ai - A ( o | A))Jl( yg^ . n 1 - A e- M , V9=TP(J (*S=£) - J 2 (^)) - 4J t (^) 



3 1 + A V " v 2 ' v 1 + A 3 



(55) 



This is satisfied for a range of e~ 2tl values (corresponding to a choice of model), as can be seen by plotting the right 
hand side. The approximations in equation ( |l5| ) require e~ 2u to be large enough that tanhu ~ — 1 — 2e 2u ~ — 1. 
Taking e 2u = .01, this normalizability equation for the supercurvature mode has a solution for A ~ .97. Increasing 
the value of e~ 2u increases the required value of A. Thus it seems that a normalizable supercurvature mode may be 
present. The interpretation for A > 1, where the eigenvalue of the spatial laplacian — (p 2 + 1) changes sign, seems 
unclear. 

IV. GRAVITY WAVES 

For gravity waves, again the r, 8, <p dependence of the gravity waves in this instanton background is the same as 
the earlier calculations in p3p4],n5| . The gravity waves are perturbations on the background metric 
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9»y = 9% + K» ( 56 ) 

where h is transverse and traceless. Expanding kj in terms of tensor eigenfunctions T P ' pfan *(T, 6, 4>) of the r,9,(f> 
laplacian, one gets an expansion in terms of modes 

n (p)T p ^(T,M)3iW (57) 
The instanton behavior appears in the a dependence, and T p has the equation of motion 

d 2 a T p + ?P-^d a T v + ?~^-T p = 0. (58) 
The normalization |l5[] is proportional to 

J dab^a^T^d^T;) = (p 2 + l)J dab{a)T p T; (59) 
For bp =~ H~ x sin Ha = „ , . the fluctuations are 

/i cosn u 7 

Tfl.+P («) = (tanh u - ip) cosh ue lpu (60) 
T R _ p (u) = (tanhu + ip) coshue~ tpu 

while for b L = C(a f - a) 1 / 3 = cJ\X, 



,2 



Since 



T L » = Cl M ^ l + p2 X] + c 2 K ^^ P X] (61) 



x 2 

J (x) ~ 1 + — + 0{x 2 ) (62) 



K {x) ~ (h -hix) + (k 2 - l ^)x 2 + 0(x 3 ) 
with ki,k 2 constants, one can see using eqn.(|59|) that normalizability requires c 2 = 0. Thus, 



Jn 2 + 1 

T L , P (X) = Jo(^-X) (63) 
Matching these two asymptotic values and their derivatives at the juncture given by equations ( [L4|, |l7j ). 



Jo C^, + -.X") = ah,p(tanhu — ip) coshue lpu + /3/j iP (tanhu + ip) cosh we tpu 

dxM ^T 1C )\ x =x = -<*h, P H cosh 2 uil+p^e^-P^H cosh 2 u(l+p 2 )e-^ 



So, 



(1 + p 2 ) cosh 2 uJq(^^-X) - Cd x Jo(^^X)(smhu + ipcoshu) _ 4 
-2ip cosh 3 u(l + p 2 ) 



(1 +p 2 )cosh 2 Mj (y/ l ) - "^ p 2 +1 [J-i(yfe) - Ji (^)](sinh u + ipcoshu) _ 

3 6 

— 2ipcosh u(l+p 2 ) 



2 tanh w 



and again 



(64) 



a h , p = g _i3 ~ i i _9\ ' i ^ — ipu (g5) 
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Equation [59| can be used to get the normalization dependence on a p ,(3 p , which is proportional to |%>| 2 - The power 
spectrum can be taken over from the results in [^3 24 . The two point function dependence on T/ l p goes as 

2 _i_ 2 * 

yyj 2p(p 2 + l)smh7rp' la^l |a hj ,| 1 2p(p 2 + 1) sinliTrp 

times p independent terms. Writing Oih,p — Ah tP e lXh - p , equation ^ implies that 

Afcj, = ^ + 0(p) (68) 

so that as p —* 0, equation ( |67| ) goes as 

e 7rp + e -7rp + 2 CQS p 2 + 2 C0S(-7T + 0( P )) _ 0(p 2 ) 



2p(p 2 + 1) sinhirp '' p 2 p 2 



0(1) (69) 



which is finite. As the p — > divergence in the pure Bunch Davies vacuum |1C| does not appear, the gravity wave 
contribution to the CMB is finite. 

One can also look for the possibility of normalizable supercurvature modes here, although they are not present 
in other cases which have been studied so far [23 ]. Setting ip = A in equation d66]), and using the approximation 
equation (JL5h, it seems that one cannot have normalizability, i.e. cth.~iA = 0, for < A < 1. 



V. CONCLUSION 



Assuming the background model and resulting Q value are consistent, subcurvature scalar and gravity wave fluctua- 
tions were found for a background approximating that described in Q . The initial conditions were found by requiring 
regularity at the singular boundary along with the time dependence (on the surface of analytic continuation) cor- 
responding to the Bunch Davies vacuum. Even though a bubble wall is not present, the gravity waves were found 
to be finite. Both scalar and gravity wave power spectra, for 'momentum' p > 2, go over to the conformal vacuum 
case (found for scalars in [^5f ). A normalizable scalar supercurvature mode appears possible for some values of the 
matching parameters and might have observable effects. The power spectra for P$ and Ph can be used to calculate 
cosmic microwave background anisotropies. The the subcurvature scalar power spectrum P$ lies within the same 
envelope as subcurvature modes in other open universe models. Thus varying parameters in this background will 
change the subcurvature scalar contribution to the CMB in a bounded way and only affect the largest scales just as 
in the other open universe models. The gravity wave contribution to the CMB is finite. The corresponding gravity 
wave CMB spectrum may provide constraints on viable backgrounds, just as it does in some of the open universe 
models (see, e.g. 



VI. ACKNOWLEDGEMENTS 



This work was supported by an NSF Career Advancement Award, NSF-PHY-97-22787. 1 thank S. Carlip and M. 
White for discussions, and J. Garriga for comments on the draft. 



[1] 
[2] 
[3] 
[4] 
[5] 
[6] 
[7] 
[8] 



R. Hartle, S. W. Hawking, Phys. Rev. D28, 2960 (1983) 

Hawking and N. G. Turok, "Open Inflation Without False Vac ua," bep-th/9802030 



J. 

S 

A. Linde, "Quantum Creation of an Open Inflationary Universe," gr-qc/9802038 
W. Unruh, "On the Hawking Turok solution to the Open Universe wave f unction," gr-qc/980305C 
R. Bousso and A. Linde, "Quantum Creation of a Universe with Q. ^ 1,", j;r-qc/980306£ 
A. Vilenkin, "Singular Instantons and Creation of Open Universes," hep-th/9803084 
J. Garriga, "Open inflation and the singular boundary, " frep-th/980321C| 
J. Garriga, "Smooth Creation of an open universe in five dimensions," hep-th/9804106 



9 



[9] 

[10] 

[11] 
[12] 

[13] 



[14] 

[15] 

[16] 
[17] 
[18] 
[19] 
[20] 

[21] 
[22] 
[23] 

[24] 
[25] 

[26] 



Z.C. Wu, "Creation of closed or open universe fro m constrained instanton," hep-th/980305C ; G. Lavrelashvili, "On the 
quadratic action of the Hawking- Turok instanton", jr-qc/9804056 
B. Allen, R. Caldwell, unpublished. 

S. Hawking and N.G. Turok, "Open Inflation, the Four Form and the Cosmological Con stant," friep-th/9803156 
M. Bucher, A.S. Goldhaber, N. Turok, Phys. Rev. D 52 3314 (1995), |hep-ph/9411206| 

J.M. Bardeen, Phys.Rev. D 221882 (1980); J. Bardeen, M. Turner, P.Steinhardt,Phys.Rev. D 28 (1983) 679; H. Kodama, 
M. Sasaki, Prog.Theor.Phys.Suppl. 78 (1984) 1; V.F. Mukhanov, H.A. Feldman, R.H. Brandenberger, Phys.Rept. 215203 
(1992) 

R. Brand enberger, H. Feldm an, V. Mukhanov, "Classical and Quantum Theory of Perturbations in Inflationary Universe 
Models," |astro-ph/9307016 

J. Garriga, X. M ontes, M. Sasaki, T.Tanaka, "Canonical Quantization of Cosmological Perturbations in the One Bubble 
Open Universe," |astro-ph/9706229| 

G. Gibbons, H.-J. Pohle, Nucl.Phys.B 410 117(1993), |gr-qc/9302002 
M. Sasaki, T. Tanaka, K. Yamamoto, Phys. Rev.D 51 2979 (1995) 
K. Yamamoto, T. Tanaka, M. Sasaki, Phy s. Rev. D 54, 503 1 (1996) 
J. D. Cohn, Phys.Rev. D 54 7215 (1996), |astro-ph/9605132 



D. H. Lyth and A. Woszczyna Phys Rev D 52 3338-3357 (1995); J. Garcia-Bellido, A. R. Liddle, D. H. Lyth and D. Wands, 
Phys Rev D 55, 4596-4602 (1997) 

U. Moschella and R. Schaeffer, "Quantum Fluctuati ons in an Open Un iverse," preprint gr-qc/9707007 
M. Sasaki, T. Tanaka, Phys.Rev. D 54 4705 (1996), |astro-ph/9605104| 

T. Tanaka, M. Sasaki, Prog.Theor.Phys. 97 243 (1997), |astro-ph/9701053|; M. Sasaki, T. Tanaka, Y. Yakushige, 



"Wall 



astro-ph/9702174 



fluctuation modes and tensor CMB anisotropy in ope n inflation models 
M. Bucher, J. D. Cohn, Phys.Rev. D 557461 (1997), |astro-ph/9701117 
D. Lyth, E. Stewart, Phys. Lett. B 252 336 (1990); B. Ratra, P. J. E. Peebles 
432 L5 (1994) 

M.Sasaki, T. T anaka, Y. Yaku shige, Phys.Rev. D 56 616 (1997), |astro-ph/9702174 



3225 (1997), astro-ph/9702211 



Phys. Rev. D 52 1837 (1995), Ap. J. Lett. 
J. Garcia-Bellido, Phys. Rev. D 56 



10 



